Energy efficiency ratio is significant in completely estimating lignocellulosic biomass pretreatment. In this work, rice straw (RS) was pretreated by ultra-high pressure (UHP), ionic liquid microemulsion (ILM), and a combination of UHP and ILM (ILM + UHP) at mild temperature. The chemical composition, crystalline structure, surface morphology, and enzymatic hydrolysis of untreated and pretreated RS samples were compared. After ILM pretreatment ([Emim]Ac/cyclohexane/Triton X-100/n-butanol = 0.25/0.15/0.45/0.15) at 500 MPa, 50 °C for 4 h, the cellulose content of the regenerated RS increased by 62.5, 66.2% of the lignin was removed, 37.3% of crystallinity index decreased, and the reducing sugar yield of 89.6% was achieved. All results show that the ILM + UHP pretreatments were more effective than sole UHP or ILM treatment at low temperature.
Introduction
As an environmentally friendly renewable liquid biofuel, bioethanol can be obtained from lignocellulosic biomass, which mainly contains cellulose, hemicellulose, and lignin (John et al. 2011; Lynam et al. 2016) . Biological degradation of lignin is extremely difficult because the material physically shields the cellulose and hemicellulose parts from the enzymes (Gao et al. 2013a, b) . Abundant lignocellulosic biomasses, such as agro-residues (Asakawa et al. 2016; Jiang et al. 2013; Mai et al. 2014) , forest residues (Zhao et al. 2016) , agricultural weeds (Muktham et al. 2017; Naseeruddin et al. 2017; Singh et al. 2014) , and grasses (Aswathy et al. 2010; Gao et al. 2014) , have been hydrolyzed to fermentable sugars for subsequent biofuel production. However, the crystalline structure and high lignin content of lignocellulosic biomass provide difficulties for enzymatic hydrolysis, with enzymes failing to reach reaction sites (Teghammar et al. 2010) .
Effective pretreatment is fundamental in improving hydrolysis and downstream operations. Pretreatment upstream operations are classified into four different categories, namely, physical, thermal, chemical, and biological, and involve differences in their chemical composition and physical properties (Limayem and Ricke 2012; Mood et al. 2013) . During pretreatment, the cellulose and lignin matrix bound by hemicellulose should be broken to reduce cellulose crystallinity and increase the fraction of amorphous cellulose, which is the most suitable form for enzymatic attack (Saini et al. 2015) . A sugar yield of 75% was recorded when olive tree biomass was pretreated with dilute sulfuric acid at 180 °C (Cara et al. 2008) . Compared with dilute acid pretreatment, ionic liquid (IL) pretreatment is less caustic. ILs have recently become promising efficient solvents for enhancing the hydrolysis of lignocellulosic biomass (Aid et al. 2016; Chang et al. 2017; Hou et al. 2017 ). More lignin can be removed from switchgrass by IL pretreatment at 160 °C for 3 h compared with dilute acid presoaked for a minimum of 4 h and then heated at 160 °C for 20 min (Li et al. 2010) .
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Lignocellulosic biomass materials were consistently pretreated by ILs at high temperature (> 100 °C) demanding high energy (Limayem and Ricke 2012; Ninomiya et al. 2014) . Meanwhile, toxic byproducts produced at high temperature can be a major hindrance to high-performance pretreatment (Limayem and Ricke 2012) . In addition, cellulose recovery notably decreased with pretreatment temperature (Cara et al. 2008) . Pretreatment of lignocellulosic biomass at mild temperature is essential to achieve high-energy efficiency ratio and mass balance.
Ultra-high pressure (UHP) processing is widely used as an advantageous nonthermal technique for food treatment at room temperature (Phunchaisri and Apichartsrangkoon 2005; Suarez-Jacobo et al. 2011) . The applications of UHP in the extraction of low-molecular weight compounds and nonthermal sterilization are due to its notable properties, such as mild treatment condition and low impurity (Butz et al. 2003; Kim et al. 2012) . Yang et al. (2009) (Xu et al. 2016) . However, only 57.5% of the pretreated samples could be recovered, thereby indicating that long time or high temperature for ILM pretreatment can result in considerable cellulose degradation. Hebishy et al. (2015) reported that UHP homogenization can increase the physical stability of oil-in-water emulsions. However, few publications on the enzyme hydrolysis of lignocellulosic biomass by combining ILM with UHP pretreatment are available.
In this study, an efficient pretreatment of rice straw was developed by combining UHP with [Emim]Ac-based microemulsion. The effect of pretreatment combination on the chemical composition, physical property, and enzymatic saccharification of the pretreated rice straw was systematically investigated.
Materials and methods

Materials
The following chemicals and enzymes were purchased from Sigma-Aldrich (St. Louis, MO, USA): Trichoderma reesei cellulase (Celluclast 1.5 L, Product #C2730-50 mL), β-glucosidase (Novo188, Product #C6105-50 mL), glucose assay kit (≥ 99%), and 3,5-dinitrosalicylic acid (DNS, 98%).
[Emim]Ac (≥ 99%) was acquired from Lanzhou Institute of Chemical Physics (Lanzhou, China). Cyclohexane (≥ 99%), Triton X-100 (TX-100, ≥ 99%), and n-butanol (≥ 99%) were acquired from Aladdin Ltd. (Shanghai, China). Rice straw (Oryza sativa, RS) comprising 20% lignin, 22% cellulose, 35% hemicellulose, and 10% ash was obtained from a farmland near Zhanjiang City and then dried at 60 °C for 48 h. Ani et al. (2010) reported that the yield of glucose was significantly increased due to the size reduction. Therefore, dried rice straw was powdered to a particle size in the range of < 250 μm (60-mesh size).
Pseudo-ternary phase diagram of microemulsion
The IL-based microemulsion was constructed based on the isotropic properties of various compositions of the IL ([Emim]Ac), surfactant (TX-100), cosurfactant (n-butanol), and cyclohexane. The diagrams were determined by the titration of [Emim]Ac/TX-100/n-butanol mixture with cyclohexane at various temperature (30-50 °C). After each drop was added, the mixture was tempered in a thermostatic bath to guarantee steady-state conditions of the optically clear solution.
Pretreatment process
ILM pretreatment
A 5 g portion of dried rice straw was mixed in ILM (mass ratio of [Emim]Ac:cyclohexane:TX-100/nbutanol = 0.25:0.125:0.625) at a solid-liquid ratio of 1:10 w/v. The mixture was successively heated in an oil bath pan for 2 h each at 30 and 50 °C. After ILM pretreatment, 50 mL of distilled water was added, and the mixture was briefly centrifuged. The treated samples were washed and then dried in an oven at 45 °C for 24 h.
UHP pretreatment
Pressure treatments were conducted using a UHP experimental system (Tianjin Huatai Senmiao Limited Company, Tianjin, China). The system comprised a control panel, pressure vessel, hydraulic intensifier, and pumping system. All parts of the system exposed to high pressure were fabricated from stainless steel. The 0.6 L pressure vessel was designed to withstand a pressure of up to 600 MPa. A copper tube jacket in thermal contact with the outer surface of the vessel wall was connected to the circulator to allow temperature control (Huang et al. 2014) .
On the basis of previous reports on the UHP pretreatment of starch (Guo et al. 2015a, b) , 5 g of dried rice straw was transferred to vacuum-packed (− 100 kPa) polypropylene bags. The samples were subjected to pressures of 300 MPa at 50 °C, 500 MPa at 30 °C, and 500 MPa at 50 °C for 2 h. The samples were pressurized at a rate of 1 MPa/s. When the UHP pretreatment was completed, pressure was rapidly released to ambient pressure.
ILM + UHP pretreatment
Dried rice straw powder (5 g) was mixed in the ILM at a solid-liquid ratio of 1:10. The mixture was rapidly transferred to polypropylene bags. The vacuum-packed samples were subjected to pressures of 300 MPa at 50 °C, 500 MPa at 30 °C, and 500 MPa at 50 °C for 2 h. After pretreatment, the samples were washed with distilled water and then dried in an oven at 45 °C for 24 h. The pretreatment conditions are listed in Table 1 .
Structure and morphology analysis of rice straw
Cellulose, hemicellulose, and lignin contents of pretreated and untreated RS samples were determined according to NREL procedures (Sluiter et al. 2008) . The chemical structures of untreated and pretreated rice straw samples were investigated using a Tensor27 Bruker Fourier transform infrared (FT-IR) spectrophotometer through a standard KBr pellet technique. Each spectrum was recorded with 25 scans at a frequency range of 4000-400 cm −1 and a resolution of 4 cm −1 . X-ray diffraction analysis of rice straw samples was performed using an X-ray diffractometer (D8 Advance, Bruker Inc., Germany) at 40 kV and 30 mA voltage. X-ray intensities were collected for 2θ angles ranging from 5° to 45° at a step width of 0.02°. Crystallinity index (CrI, %) of each sample was analyzed using the following equation (Gao et al. 2013b): where I am is the intensity of the background scatter at 2θ = 18.2°, and I 002 is the intensity of the peak at 2θ = 22.4°.
(1)
The morphology of the rice straw samples was investigated using scanning electron microscopy (SEM) (S-4800, Hitachi Ltd., Japan). The samples were mounted on circular aluminum stubs with double-adhesive tape and coated with 20 nm of gold.
Enzymatic hydrolysis of rice straw
In a typical hydrolysis reaction, 20 mg of rice straw samples was added to 30 mL of acetate buffer (50 mM, pH 4.8) and incubated at 50 °C for 48 h with shaking at 120 rpm (Gao et al. 2014; Shill et al. 2011 ). Cellulase and β-glucosidase (1:1) were added at a loading of 20 FPU/g of cellulose for each reaction (Gao et al. 2014; Ninomiya et al. 2014 ).
The total reducing sugar content derived from enzymatic hydrolysis was determined through the DNS method using a UV-vis spectrophotometer (UV-8000, Shanghai, China). Sugar yield was calculated using the following formula (Shill et al. 2011 ):
Results and discussion
Phase behavior of [Emim]Ac-based microemulsions
The ternary phase diagrams of [Emim]Ac-based microemulsion at 30 and 50 °C are shown in Fig. 1 . A large single isotropic region that extends from the IL corner to the (2)
Suger yield (%) = glucose concentration × volume of reaction × 0.9 dry mass of rice straw × 100 cyclohexane corner was observed. The blank region marked "single phase" is the one-phase microemulsion, whereas the shadow region marked "two phase" is a turbid region. (Xu et al. 2016) . Herein, more than 80% of rice straw (< 250 μm) was regenerated at the end of each pretreatment (Table 2) . Moreover, the high recovery rate may be attributed to the large particle size of the rice straw used in this study.
Lignin is an amorphous heteropolymer that acts as resistance against microbial attack (Hendriks and Zeeman 2009) . Yang et al. (2009) reported that UHP pretreatment (100-500 MPa) did not exhibit any significant effect on the lignin composition and cellulose content of longan fruit pericarp. The chemical composition of rice straw samples before and after treatment in this study is summarized in Table 2 on a dry weight basis. Notably, the removal rate of lignin from the rice straw solely pretreated by ILM or UHP can reach 34.1-38.0% and 16.2-22.2%, respectively. The result suggests that the pretreatment of [Emim]Ac-based microemulsions exhibited higher capability to extract lignin from rice straw in comparison with UHP pretreatment in the temperature range of 30-50 °C. Furthermore, the combination pretreatment of [Emim]Ac-based microemulsions with UHP significantly promoted the delignification of rice straw (50.0-66.2%). Total delignification is difficult owing to the lignin location within the lignin-carbohydrate complex, strong poly-ring bonds of C-O-C, C-C, and hydrophobicity (Qiu and Aita 2013) . Notably, the extracted lignin content increased with increasing pressure and temperature. In particular, 66.2% of the initial lignin was removed from rice straw, and cellulose content increased by 62.5% after ILM + UHP pretreatment at 500 MPa, 50 °C for 4 h as compared with untreated rice straw.
Structure and morphology properties of pretreated rice straw
The crystalline structure of lignocellulosic biomass is a major obstruction to its application in bioethanol production. Thus, a decrease in the crystallinity of lignocellulosic biomass can significantly enhance the efficiency of the subsequent enzymatic hydrolysis step (Ninomiya et al. 2014; Shill et al. 2011) . Li et al. (2014) reported that after pretreatment with quadrol at 80 °C for 3 h, the cellulose crystal structure of Masson pine displayed cellulose I but transformed to cellulose II during the following treatment with anhydrous ILM at 80 °C for 8 h. The diffractograms of rice straw samples pretreated with ILM, UHP, and ILM + UHP display similar patterns to the initial rice straw (Fig. 2) . Two typical diffraction peaks observed at 2θ = 16° and 22° for all samples, respectively, correspond to the (101) and (002) lattice planes of crystalline cellulose I (Gao et al. 2013a ). The results indicate that minimal or Table 2 Lignocellulosic composition, CrI, and recovery of untreated and pretreated rice straw a Maximum theoretical yield for ethanol from hexose as well as pentose sugars is 0.51 g/g sugar (Singh et al. 2014 Table 2 . The results show that the untreated and ILM-pretreated rice straw samples exhibit high CrI of 67.6 and 60.9%, respectively. By contrast, the UHP pretreatment at 300-500 MPa can significantly decrease cellulose crystallinity. For example, when the pretreatment pressure increased from 300 to 500 MPa, the CrI value of the rice straw pretreated by single UHP at 50 °C decreased from 56.3 to 48.3%. Rice straw pretreated with ILM + UHP simultaneously exhibited a significantly lower ) than that of untreated samples, thereby indicating an effectively destroyed crystalline structure .
FT-IR spectroscopic analysis was conducted to determine the structural changes in pretreated rice straw. As shown in Fig. 3 , the wavenumbers between 3500 and 3100 cm −1 are related to the OH stretching vibrations involved in intramolecular hydrogen bonds formed between O(2)H···O(6) and O(3)H···O(5) of cellulose (Li et al. 2014 ). The OH stretching band of hydroxyl groups at approximately 3485 cm −1 shifted to an increased wavenumber of 3636 cm −1 due to the combined pretreatment of ILM (300 MPa, 50 °C) + UHP (500 MPa, 50 °C). This shift indicated decreased crystallinity (Aslanzadeh et al. 2011) . However, no significant changes were observed in the FT-IR spectra of rice straw pretreated at 30 °C. Li et al. (2010) reported the characteristic peaks of cellulose at 2922, 1427, and 1373 cm −1 and the stretching vibration of C=O on hemicellulose at 1725 cm −1 , which disappeared after pretreatment of quadrol and ILM on Masson pine. Herein, these peaks can be observed in all samples, and this finding agreed with the increased contents of hemicellulose.
Scanning electron microscopy was employed to examine the morphology changes of the pretreated rice straw. As shown in Fig. 4 , the compact framework and relatively flat surface exhibited by untreated rice straw was nearly disrupted after each pretreatment. Several irregular cracks (approximately 100 nm) and porous are distinctly observed on the surface of rice straw pretreated by ILM and UHP, respectively. These cracks were probably due to the removal of lignin and the decrease in cellulose crystallinity (Qiu and Aita 2013) . Therefore, the combination pretreatment of ILM + UHP yields additional accessible surface area of the pretreated rice straw to cellulase and β-glucosidase.
Enzymatic hydrolysis of pretreated rice straw
Enzymatic hydrolysis data of untreated and pretreated rice straw are summarized in Fig. 5 . The sugar yield of untreated rice straw samples was only 31.6% at the end of hydrolysis for 48 h. After ILM + UHP treatment at 500 MPa and 50 °C for 4 h, the highest sugar yield of 89.6% for the pretreated rice straw was observed compared with those of the ILMtreated and UHP-treated samples (46.7 and 76.8%, respectively). The enzymatic hydrolysis of rice straw after different pretreatments in this work at 30-50 °C follows the order of none < ILM < UHP < ILM + UHP.
The ILM + UHP pretreatment severed the hydrogen bond net structure of cellulose in rice straw and destroyed the crystalline structure, which is beneficial to the loose and disordered morphology properties of the rice straw. Therefore, the combination pretreatment carried out at room/mild temperature can be effectively used to enhance the enzymatic hydrolysis of rice straw. Moreover, the rice straw pretreated with 300 MPa at 50 °C exhibited a higher enzymatic degradability than the samples pretreated with 500 MPa at 30 °C. The theoretical yields of ethanol obtained from pretreated rice straw are calculated and listed in Table 2 . The maximum ethanol yield from ILM + UHP treatment at 500 MPa and 50 °C for 4 h is approximately 20/100 g biomass, whereas butanol yield is 16/100 g biomass.
Conclusion
The feasibility of minimizing the energy intake of lignocellulosic biomass pretreatment was demonstrated by combining ILM and UHP pretreatment at 300-500 MPa, 30-50 °C. The ILM pretreatment exhibited considerable lignin extraction capability, and the selected UHP pretreatment produced porous, amorphous regenerated rice straw. After the combination pretreatment at 500 MPa and 50 °C for 4 h, the lignin content of the regenerated rice straw decreased by 66.2% compared with that of untreated rice straw, the CrI value decreased to 42.4%, and the maximum sugar yield reached 89.6%. The combination pretreatment of ILM and UHP exhibits high potential application in future bioethanol production.
